
". 
*.., 

.. ". 

RESEARCH MEMORANDUM 

DIFFUSION  FACTOR  FOR  ESTIMATING  LOSSES AND LIMITING  BLADE 

LOADINGS IN AXIAL-FLOW-COMPRESSOR BLADE ELEMENTS 

By Seymour  Lieblein,  Francis C. Schwenk 
and Robert L. Broderick 

Lewis Flight  Propulsion  Laboratory 
Cleveland, Ohio 

I 

CLASSFKATICN CHANGED 

UNCLASSIFIED 
To""""""""""""""""""" 

nuc4 A d  &Ld d+ 
Y E A  - I S /  LA.- E:' Sbori ty of ___C__.___________________r Da%e _______.-.-__. k t .  / + W  

r- //a rJ' T7 C" 

oi tb. rsplozaap IPWS, nth P, u.E.c., pos ~IXI %, tb. trazsr&aon or rsps~tlor of whioh h a 4  
nznumr to UL uryurtbDrlred *on Is pmhlMIod ta ha. 

NATIONAL ADVISORY CO'MMITTEE 
FOR AERONAUTICS 

WASHINGTON 
June 8, 1953 

... 

. .. 
.- ' 



. 

N 
03 
0, 
N 

MACA RM E53D01 

NATIONAL ADVISORY C O b l M l m  FOR AERONAUTICS 

FXSEARCH "ORANDUM 

DIFFUSION FACTOR FOR ESTIMA!I'IWG LOSSES AMD LlMITING BLADE 

LOADINGS IN AXIAL-FLOCJ-COMPRESSOR BLADE E-S 

By  Seymour Lieblein, Francis C. Schwenk, and 
Robert L. Broderick 

A simplif iedbiimiting-blade-loading parameter f o r  axial-f h- 
compressor blade elements was derived from the application of a separa- 
t ion  cr i ter ion used In two-dimensional boundary-layer  theory to  a typi- 
cal  suction-surface  velocity  distribution of a comgressor blade element 
a t  design angle of attack. The derived limlting diffusion factor con- 
prised a term involving the  relative  velocity  ratio across the blade and 
a t e r m  proportional to   the  c i rculat ion about the element, both of wbich 
can  be  evaluated  readily f r o m  the  design  velocity diagram. 

) 
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A correlation w a s  made for   the data for  NACA 65-series compressor 
blade sections i n  low-speed two-dimensional  cascade between blade- 
element loss at design angle of attack and several commonly used and 
proposed blade-loading  parameters. The derived  diffusion  factor con- 
stituted a satisfactory  limiting-loading  criterion  for these data. 
Total-pressure 106s coefficient a t  des ign  angle of attack increased 
slightly  with  diffusion  factor up t o  a value of about 0.6, after which 
a sharp rise Fn loss was observed. 

Loss coefficient and diffusion  correlations were also =de fo r  a 
large number of conventional  experimental axial-flaw single-stage com- 
pressor  rotors and stators. For the  hub- and =an-radius  regions of the 
rotors and for  the hrib, mean, and t i p  regions of the  s ta tors ,  no consis- 
tent  variation of loss coefficient  with  diffusion  factor w a s  observed i n  
the  low-loss  range up t o  values of Wfus ion   fac tor  of about 0.55 to 
0.65, the  extent of the  available data. For the   t ip   region of the rotors, 
however, there was  a very marked  and practically  l inear  variation of loss 
coefficient with diffusion  factor, w i t h  resulting blade-element efficien- 
cies less than 0.90 fo r  values of diffusion factor  greater than about 0.45. 
Further  verlfication of the l imit ing  re la t ive  inlet  Mach nmiber of about 
0.70 to 0.75 far subcritical  values of diffusion  pactor w a s  indicated 
fqr rotor and stator  blades of NACA 65-series  profile shapes with  about 
10 percent maxFmum thichness  ratios. 
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IN!I!RODUCTIOIY 

One  of the  principal  limitations and losses  in the flow  across 
axial-flow-compressor-blade rows is due- to  the  separation of the f r i c -  
t ion boundary layers on the suction  surfaces of the  blades. In  air- . 

f o i l  theory, the measure of this limikingblade loading  or  difYusfon 
was satisfaclmrily  established  by  .the  variation of the lift coefficient 
of the section.  (Lift-coefficient i s  defined as lift force  per  unit 
blade area divided  by inlet   or  vector-mean dynamic head.) The use of 
l i f t -  coefficient  as a measure of loss w i a t i o n  and limiting loading 
was not, however, generally  successful  in compressor design  application. 
Furthermore, the use of l i f t  coefficient for  the general compressor case 
of compressible flow w i t h  unequal axial velocities a t  blade-element 
in le t  and outlet-presents a diff icul ty  i n  establishin@; a significant 
vector-mean condition. Consequently, various  other  loading parame-krs 
were tried in compressor design w i t h  varying degree6 of success. These 
parameters were lift coefftcients based on in le t  or  outlet  conditions," 
solidity  multiplied by l i f t  .coefficient,  ratio of change in tangential 
velocity  to  axial   velocity,   ratio of axial   veloci ty   to   t ip  speed, and so 
forth. 

." 

In reference 1, Wislicenus  proposes an approximate stall ing  coeffi-  
cient f o r  axial-flaw  blades  derived from considerations of the stalling 
suction-surface  pressure  distribution of isolate&  ai r foi ls  in incom- 
pressible flow. The coefficient i s  developed Fn terms of vector-mean 
velocity and indicates that the  stalling  pressure rise is  a function of . 

the sum of the  conventional lift coefficient md the  over-all change in-  
free-stream velocity  across the blade row. Howell, i n  reference 2, 
develops an approximate loading  pmameter for compressor blade elements 
from the application of a separation  criterion used in  boundlElry-layer 
theory. This parameter involves the product of the mean-velocity l i f t  
coefficient and a function of the over-all  velocity  ratio. No ex ta s ive  
experimental  investigations of these  various  loading  parameters have as * -  

yet appeared. 
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A simihr approach to   the development of an improved separation 
cri terion for axial-flar'blade elements was made at the NACA L e w i s  lab- 
oratory  in  order  to develop a simplified  blade-loading parameter  based 
on bomdsy-layer  theory and inde'pendent of l i f t -coeff   ic ient  terms. 
A simplified parameter, called  the  diffusion  factor for design  angle of 
attack, was obtained by deriving an approximate relation between a 
separation  criterion used i n  two-dimensional. incompressible turbulent 
boundary-layer theory (as i n  ref. 2) and the external  velocity diagram 
and solidity  of-the blase element. The &$proximation wis -facilitated by 
the use of a m o d e l  blade-surface velocity  distribution and of the mal 
pressure  characteristics of blades i n  two-dimensional cascade a t  design 
angle of attack. 
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4 An experimental  correlation between total-pressure loss coefficient 
at design  angle of attack and a large nmiber of proposed separation param- 
eters  is presented f o r  the two-dimensional cascade data of reference 3. 
In addition, a further  correlation between the 108s coefficient and the 
derived  diffusion  factor is presented  for the h&-, t ip, and mean-radius 
regions of rotors and stators  of a large number of experimental  single- 
stage  axial-f low compressors. 
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SYMBOLS 

The following smols  m e  used i n  this report: 

r a t io  of distance f r o m  leading edge to point of maxlmum suction- 
surface  velocity  to chord length 

constant in  diffusion-factor  equation 

drag  coefficient 

lift coefficient 

stalling coefficient of reference 1 

chord length 

diffusion  factor 

constant in  diffusion-factor  equation 

force 

drag  force 

boundary-laye f o m  factor   ( ra t io  of displacement  thickness t o  

c 

momentum thickness) 

angle of incidence, =le between inlet-air   direction and blade 
mean-line d i rec t ion   a t  leading edge 

lift force 

Mach  nuniber 

constant in  separation-criterion  equation 

total pressure 
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s t a t i c  pressure 

COnatELnt 

reaction or recovery r a t i o  

momentum-thickness Reynolds nurtiber 

radius 

blade spacing 

t o t a l  temperature 

s t a t i c  temperature 

velocity 

circumferentially averaged velocity 

average velocity between V,, and V2 

maximum velocity on suction  surface 

distance  along flow path 

angle of attack, angle between inlet-air   direction and blade 
chord 

air angle 

velocity-gradient parameter of reference 2 

r a t io  of specific  heats 

adiabatic temgeratme-rise efficiency 

boundary-layermomentum thickness 

static  density 

sol idi ty  

shear s t ress  

relative  total-preasure loss coefficient, P Z , ~  - Pz/P1 - p1 
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SLibscripts : 

a axia l  

i ideal  

5 

to 
CD cn 
Eo 

m vector mean 

R rotor 

ref reference 

S stator  

e tangential 

1 i n l e t  

2 outlet  
- 

The prime refers  to  relative  conditions for ro t a t ing  elements. 

Approach 

Exclusive of three-dimensional effects in the end regions of blade 
rows, the development of f r i c t ion  bouna;Euy layers  along  the  surfaces of 
compressor blade elements is  determined primarily by the  surface  pressure 
distributions and therefore  by the basic geometry of the element (prof i le  
shape, camber, thickness, solidity,  and angle of incidence).  Therefore, 
a f i r s t  approach t o  the problem of boundexy-layer growth and separation 
can be made by  considering the two-dimensional f l o w  about blade elements. 
Although several  techniques  are  available  for. computing boundmy-layer 
growth i n  two-dimensional cascades (refs .  4 t o  6),  they depend on a prior 
knowledge of the  pressure or velocity  distribution about the  blade  sec- 
tion. However, accurate  practical methods of computing carqeressible 
pressure  distributions about arbitrary compressor cascade sections are 
not as yet  available. 

In  view of the general complexity and Fncoqpleteness of current 
boundary-layer and pressure-distribution theory, the accurate  calcula- 
t ion  of the boundary-layer development  and total-pressure loss of a 
given  blade element was not  believed t o  be currently  feasible. It w a s  
decided, therefore, as a f irst  approach, to  investigate the possibi l i ty  
of deriving a s h p l i f i e d  and apgroximate blade-loading o r  separation 
cri terion. The approldmate sepmt ion   c r i t e r ion  might then, i n  conjunc- 
t ion  w i t h  an extensive  emerimental  correlation,  provide a simple and 
useful means of determining  regions of safe or unsafe limiting design 
conditions f o r  the  actual compressor. - 
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For  conventional compressors, i n  general,  differences in blade 
shape, boundary-layer Reynolds n W e r ,  turbulence  level,  transition from 
lminar. to  turbulent flow, and Mach n w e r  are not  very  great; so that, 
ccoqparatively, the most significant  factors  influencing the pressure 
a s t r i b u t i o n  and %he loss of .a blade  elemmt  are the angle of incidence 
and the  circulation about the element. Furthermore, if attention i e  
res t r ic ted   to   the  design  point (design angle of incidence), it would be 
expected that the  basic  velocity  vector diagram of the element a t  design 
would be the .largest  factor  affecting  the loss. The problem is then 
reduced t o  deriving a satisfactory,  sinqlified, and approximate relation 
between the limiting dfffusion  gradient on the  blade  suction  surface and 
the over-all ve1ocit.y change across  the  blade row as determined  by the 
design velocity dfagram. 

N 
(D 

CI] 
co 

Diffusion Factor 

A parameter frequently used in  establishing a separation  criterion 
in incompressible, two-cklmensional, turbulent boundary-layer theory 
(re9s. 2 and 7, for example) is given by 

where 8 is the boundary-layer  mmntum thickness, V is the  free- 
stream velocity  outside the boundary layer, x is distance along the 
direction of flaw, R e  is the momentum-thickness  Reynolds  number, and n 
f~ a constant  (negative value) - c he significance of equation (I) can be 
seen f'ram inspection of the  general mcanentum boundaxy-layer equation 

w h e r e  T is the viscous  shear stress  at  the  surface, H is boundary- 
layer form factor   ( ra t io  of displacement  thickness t o   m n t u m  thick- 
ness), and p i s  free-stream density. For configurations w i t h  fairly 
Large adverse  velocity  gradients - as in the case for compressor blade 
suction surfaces - rapid ra tes  of boundary-layer growth are associated 
prinaarily  with  the last term of equation (2) involving the  velocity  gra- 
dient dV/dx. In fact ,  for incipient  separation, the shear  stress 7 
approaches zero, and the form factor E approaches an approximately 
constant  value of about 2 .O t o  2.5 (refs. 6 and 7) Equation (2 )  
therefore  becomes . .  
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Equation (3) shows tha t  the f i r s t  factor on the  r ight  side of equa- 
t ion (1) i s  proportional to  the  gradient, o r  growth rate,  of the momen- 
tun thickness 8 a t  the point of incipient  separation. 

In  order t o  evaluate  the inrportance of the second factor, Ren, in  ' 

equation (l), it is  assumed that, f o r  typical  velocity  distributions, 
the  local value of R e  is related to the i n i t i a l  value of Re a t  the 
start of deceleration. Inasmuch as the flow on the  suction  surface was 
previously  accelerating,  the i n i t i a l  value of R e  defines the  condition 
of the I n i t i a l  boundaxy layer  (ref.  6) . Thus the Ren term i n  equa- 
t ion (1) ref lects   the a d d i t i o n a l  effect  of the s t a t e  of the initial 
boundary layer. In general,  the  greater  the magnltude of Re, the 
smaller the allowable  diffusion at separation (refs. 6 and 8) 

For conventional compressors - and certainly for a given  cascade 
fnvestigation - the range of variation of i n i t i a l  boundary-layer Reynolds 
nuIziber, as influenced  by such factors as blade  size, inlet Mach number, 
surface  roughness, and turbulence  level, is generally  not  large. a .  

The effect  of initialboundary-layer Reynolds rider can thus be 
represented by a constant  average  value. A s-lified  separation  crite- 
r ion is therefore adopted as the  diffusion  factor: 

The variation of velocity over the surfaces of a typical compressor blade 
sec t ion   se t   a t  i t s  design  angle of attack i s  shown in figure 1, and the 
element velocity &Lagram is sham in  figure 2. By design  angle of attack 
is meant the angle of attack a t  minimum loss. Diffusion of the  suction- 
surface  velocity must occu  hmm the peak velocity new the  leading edge :. 

t r a i l i ng  edge is  equal t o  the mean V2 considered  by  the  velocity diagram 
at  the downstream measuring s ta t ion  of the blade row.) For most conven- 
t iona lb lade  designs, the velocity  generally  vaxies  approximately lin- 

I early from Vm t o .  V2. , .The diffusion gradient can then be  approxi- 
mated on the average by '. 

VlnaX t o  the  outlet  velocity V2. (It is assumed that V2 at  the  blade 

.. * .. 

- - - x  1 d V  . . 'max - '2 

v d x  -ocv,, 
- where Vav is some average surface  velocity between V- and V2. 

The use of equation (5) is expected t o  be  .valid f o r  moderately non- 
linear velocity  variations as w e l l ,  since  recent unpubliahed resu l t s  of 
boundary-layer analyses conducted a t  the NACA Langley laboratory indi- 
cate that the o v e r - a l l  diffusion Vmax - V2 i s  the significant  factor 
affecting  limiting  loading. 
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From examination of velocity  distributions about typical compressor 
blade  sections, it was found that the average velocity Vav in  the 
denominator of equation (5) can. be approximated by V1, so that equa- 
t ion (5) can be  given by 

I n  general, the  magnitude of the maximum suction-surface  velocity can 
be  considered t o  be composed of severalcoqonents so that, as shown 
Fn figure 1, 

Vmx = P + AV = V1 + AT + AV 

where AT represents  the  velocity increment aUe t o  chordwise v a r i a t i d  
of the circumferentially averaged velocity  (function of r a t io  of blade 
thickness t o  blade  spacing and of in l e t  Mach rider), and AV representx 
the  velocity increment above the value of that arises from the blade 
loading or  circulation  (function of profile shape and angle of attack).  
In  terms of i n l e t  velocity,  equatron (7)  can be expressed as 

In hypothesizing a functional  relatfon between maximum velocity 
r a t io  and circulation as indicated i n  equation (8), use was made of the 
characteristics of blade sections i n  law-speed, two-dbnensional cascade. 
The similarity of surface  pressure  distributions  for a given blade sec- 
t ion in cascade and i n  the comgressor configuration i n  the  region of 
design  angle of attack is demonstrated in  reference 9. From examination 
of the  pressure  dlstrihutions about the NACA 65-series blade sections in 
cascade (ref .   3) ,  it was deduced that a  functional  relation can be I 

established between the velocity r a t i o  and a circulation parameter 
AVe/OVl (proportional t o  lift coefficient)  in  the form 

w h e r e  d represents  the  surface-velocity  rise due to the effect  o f - -  
f i n i t e  blade thickness  indicated i n  equation (8) . In general,  both b 
and d may vary with  blade shape, angle of incidence, and Inlet  Mach 
number. If it is then assumed that equation (9) is valid  for conven- 
t ional  compressor blades,  the  diffusion parameter D can be expressed as 

L 

L 



. If it can further be assumed, f o r  simplicity,  that  the average r a t i o  of 
boundary-layer momentum thickness t o  chord length, 8/c, and the location 
ra t io ,  a, vaxy very l i t t l e  for conventional  types of blading, then, on 
the average 

and the diffusion parameter can then be reduced t o  the form 

Average values of b and d obtained from examination of the data 
of reference 3 at design  angle of attack- were about 0.4 t o  0.5 and about 
0.1, respectively. The design angle of attack f o r  the cascade data w&s 
takp as the value of incidence at the midpoint of the low-loss  range. 
In checking the trend of the effect  of compressibility on the v d u e  of 
b and d obtained from the low-speed data, it was found that, if the 
local  pressure  coefficient a d  the circulation pmameter  both  varied i n  
the same manner w i t h  Mach number (say, the Frandtl-Glauert  relation), 
the  increases i n  magnitude of b and d at the  design angle of attack 
up t o  Mach nunibers of about 0.75 would b.e small .  Values of b and d 
were consequently  taken a6 0.5 and 0.1, respectively,  to  give 

Since  there are genera- small differences i n  thickness and thickness 
distribution  for commonly used blades,  the last term in equation ( 1 2 )  
w i l l  not  vary much, and the design  diffusion  factor D for'  a compressor 
blade element is finally  established as 

where all velocities are taken relative t o  the blade. 

The suction-surface  diffusion is thus seen t o  be a function of two 
principal  factors: the over -a l l  change in relative  velocity  across  the 
element,  and a term proportional t o  the conventional lift coefficient of 
the  section based on inlet   velocity 
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For two-dimensional f l o w  with equal axial veloci t ies   a t   in le t  and - 

outlet,  the  diffuaion  factor of equation (13) becomes  (Bee f ig .  2)  

cos p 1  cos 8 1  
D m  (L- 

cos B2 ) +  2a (* P I  - tan Bz) (14) 
e 

The general  similarity between the derived  design  diffusion  factor 
of equation ( ~ 3 )  a+ the st,a11in@; coefficient  reference 1 is illus- 
trated by the expension of equation (AB) in appendix A with 

V, z (v1 + v,) t o  give 1 

"1 

where q is a constant varying between 1 and 2. The velocity  gradient 
parameter r of reference 2, in contras*involvee a product of the 
lift coefficient-and  the  over-all  velocity-ratio term8 (en. (A9), appen- 
dix A) . 

Two-Dwnsional Cascade 

The general validity of the  various  blade-loading parameters and 
separation  criteria commonly used i n  axial-flow-compressor design was 
first investigated for the  extensive low-speed cascade data fo r  the NACA 
65-series compressor blade  sections as given in reference 3. The anal- 
ysis was made by examining the  variation of blade-element total-pressure 
106s wlth various loading parmeters a t  design angle of attack. The 
total-pressure loss was expressed i n  terms of a loss coefficient- E, as 
defined i n  appendix B. For the cascade data, the total-pressure loss 
coefficient was computed from the drag coefficients (based on in l e t  con- 
ditions) given i n  reference 3 according t o .  equation (B17) b appendix B .  
Design angle of attack for the loss evaluation  was-taken as the midpoint 
of the minimum drag  range. Loading pa;rameters considered -were: (1) 
theoretical l i f t  coefficient based on vector-mean velocity, (2) ~ 0 l i d i - b ~  
multiplied by theoretical lift coefficient based on vector-mean velocity, 
(3) theoretical lift coefficient based on in l e t  velocity, (4) theoreti- 
ca l  l i f t  coefficient based on outlet  velocity, (5) over-all  reaction or 
recovery ratio,  (6)  relative  velocity ra t io ,  (7) velocity-gadient 

(D 
(u 

co 
N 

. 

." 
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parameter of reference 2, ( 8 )  stalling coefficient of reference 1, and 
(9) diffusion  factor  given by  equation (14). The various theoretical  
l if t-coefficient equations and loading  parameters aze given i n  appen- 
dix A. The resulting comparison of total-pressure loss coefficient 
against  loading parameter is shown in   f i gu re  3. Each curve in figure 3 
represents  the  variation of loss coefficient  for the range of canibers 
used a t  each fixed  condition of so l id i ty  and inlet& angle. 

ii From figure 3 it i s  seen, as exgected, that the loss tends t o  
increase  gradually with increasing  blade loading, and that,   particularly 

separation occurs beyond a certain value of the  blade  loading.  For the 
various  blade-loading pasameters plotted in figure 3, it is seen that 
only the outlet lift coefficient  (fig. 3(d) ) , EaTellls gradient para- 
e te r   ( f i g  . 3(g) ) , Wislicenus stalling pezameter (fig.  9( h) ) , and the 
diffusion  factor D (fig. 3( i ) )  canbe  considered as acceptable limit- 
ing criteria. 

h 3  at  i n l e t  angles of 60° asd 70°, a sharp r i s e   i n  loss indicative of 

t! 
P 
d 

03 

& .  For Howell's parameter (fig.  3(g)), a l b i t i n g  value of about 4.5 
to 5 .O is indicated; and f o r  the s t a l l i n g  coefficient of Wislicenus 
(fig.  3(h)),  the  limiting yalue is about 2.0 fo r  q = 1.0. For the 
diffusion  factor  (f ig.   3(i)) ,  the point of lOS8 rise occurs a t  a value 
of D of about 0.6. It is interesting t o  note that one of the more 
common limiting-loading  parameters of U C L , ~  = 1.0 to 1.2 (ref. 10, e.g.) 
corresponds to the  point of lose rise for  an in le t  angle of about 60° and 
sol idi ty  from 0.5 t o  1.0 (fig. 3fb)) ,  conditions which are closely 
descriptive of rotor-t ip  velocity diagrams. This saqe l imit ,  however, 
(as was indicated i n  re f .  3) would not be valid f o r  other  conditions of 
sol idi ty  and in l e t  angle for  these data. 

With the  establishment of the  diffusion  factor as a satisfactory 
loading limitation f o r  design blade-element loss, it is interesting t o  
examine 'briefly some of the other  coexisting  factors, such a s  solidity, 
inlet Mach nuuiber, and Reynolds nuuher, which influence the magnitude of 
the loss. A cross plot of the  data of f igure  3( i )  for subcri t ical  
(below limiting value) diffusion  factors  indicates that the loss coef- 
f ic ien t  v a r i e s  p r h a r i l y  w i t h  so l id i ty  and to a smaller extent with in l e t  
angle. The loss variation w i t h  sol idi ty  for D = 0.5 is i l lus t ra ted  in 
figure  4(a). For the usual range of Inlet anglee Prom 40° t o  SO0 it can 
be taken roughly that the 1068 coefficient will vary direct ly  w i t h  the 
sol idi ty  (as a reflectton of the  increased friction surface) , as long as 
the c r i t i ca l   d i f fus ion   ra te  is not exceeded. 

A second significant factor in blade-element performance is  the 
general  compressibility effect and the formation of surface shocks and 
bomdmy-layer  separation. An i l lustrative  variation of total-pressure 
loss coefficient  with inlet Mach nrmiber for  a 65-series blade element is 
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shown in  figure 4(b) The curve was obtained from the data of refer- 
ence 11 and  recomputed i n  terms of the loss coefficient used i n  th i s  
re2ort. The value of inlet Mach rider a t  which the  losses  tend t o  rise 
sharply i s  called the Unit ing  inlet  Mach nmiber. In general,  the la- 
i t ing  Mach rimer will vary with  diffusion  factor,  inlet angle, and 
s0”ty. 

The effect  of blade-chord Reynolds n M e r  on loss coeff ic ient- is  
shown i n  figure  4(c) fo r  the  data of reference 3. In general,  the loss 
is  seen t o  increase with decreasing Reynolds nuIriber, b u t  no sharp r i ae  
in loss is  observed for the lowest  values of  Reynolds nmiber obtained in  
the  tests.  

Thus f o r  the cascade blade, as long &s the Umitiw diffusion  factor 
and limiting inlet Mach nuniber are not exceeded, design blade-element . total-pressure loss coefficient will not  be  excessive for  the usual 
range of -solidity, Reynolds  nunher, and blade shape. The exact  selec- 
t ion of the magnitudes of these  factors, of diffusion,  solidity, and 
Reynolds and Mach nudoera, of course, w i l l  depend on the  particular 
design application and such considerations  as range of operation, off-  
design  characteristics,  size, and three-mnsional   e f fec ts .  

Compressor Rotor 

In view. of the success of the  aiffusion  factor in establishing a 
consistent loading limitation for the 65-series cascade blade, a further 
analysis was made to  ascertain  the  general  validity of the  diffusion 
limit fo r  blades Fn the actual ccmqreasor configuration. A correlation 
was obtained between  measured r e l a t ive  total-pressure loss coefficient 
and calculated  diffusion  factor  across  blade elements i n  the hub, t ip ,  
and mean regions of a laxge nmber of experimental  axial-flow  single 
stages Over a range of t i p  speeds. A transonic rotor ,  as well as con- 
ventional  sdsonic  designs, was included i n  the comparison. Details of 
the various  rotor  designs and blade shapes  fromwhich the data were  
obtained  are  given i n  table I. 

The diffusion  factor was comguted according to   eqmtion (13) from 
the measured velocities at blade  inlet and outlet  obtained from radial  
surveys. The total-pressure loss coefficient  relative t o  the ro tor  blade 
element w a s  computed from the measurements of absolute  total-pressure 
r a t io  and total-temperature  ratio and the relative inlet Mach n W e r  
according t o  the development i n  appendix B (eq. (B9) ) . For the  blade 
rows with varying hd) radius,  the  inlet and outlet  flow conditions were 
taken along approximsted streamlines, and the  solidity term in  equa- 
t ion (13) was taken  as  an average value. The effect  of the  ideal  rel-  
ative  total-pressure  ratio  (ea- (B4) ) on. the computed loss coefficient- 
(eq. (B3) ) vas negligible f o r  the range of wheel speed and change i n  

Y 

. I  

I 
N 
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radius of the streamline flow of the stages  investigated. Data for  the 
blade-end  regions w e r e  taken a t  points from 10 to 12 percent of the 
passage height from the outer wall for the tip region, and f r o m  10 t o  
16 percent of the passage height from the inner wsll for the hub region, 
depending on the  particular survey program of each compressor. In all 
cases  these t i p  and htib locations were outside  the wall boundary 
regions. In order t o  obtain data representing  the  design  angle of 
attack,  plots of blade-element relative loss coefficient (and efficiency) 
against  diffusion factor were &e f o r  each t i p  speed run as i l lus t ra ted  
in figure 5, and the point of mi- loss was determined from the 
faired curves. 

Hub- and mean-radius regions. - The variation of minimum relative 
total-pressure loss coefficient with diffusion  factor a t  the mean- and 
hub-radius  regions of ten single-stage  rotor  configurations is presented 
i n  figure 6 fo r  sub-limiting  relative inlet Mach rimers. h the  f igure 
are also  sham  (dotted lines) the expected variation of loss coefficient 
based on cascade characterist ics  for average conditioqs of so l id i ty  and 
inlet angle (cr = 1.2, Si P 50' for mean; and Q = 1.5, j3.i = 4oo for  

hub) a t  inlet Mach nmkers of 0.1 and 0.75. The values of loss at the 
low  Mach n W e r  were obtained from the data of reference 3, and the 
values of loss at  the high Mach rimer w e r e  obtained f r o m  the use of 
ratios of compressible loss t o  incompressible loss as determined from 
figure 4(b) . For the hub- and mean-radius regions, no marked variation 
of loss coefficient w i t h  diffusion  factor i s  found, with a large accu- 
mulation of points between a loss of zero and about 0.1 q t o  a diffu- 
sion factor of about 0.6. 

It is  seen that quite a few points are obtained  both below and 
above the  anticipated loss levels fo r  blade-element flow as deduced from 
the cascade data. Aside from possible  dffferences i n  solidity,  blade 
shape, and Reynolds IlLrmber, the data points above the upper cascade limit 
can be attr ibuted to three-dimensional and unsteady-flow effects i n  the 
rotating  blade row o r   t o  exper-tal error. In view of the mny points 
a t  zero or  close  to zero loss, a gocd deal of the scat ter  is  suspected 
t o  be the result of experimental  error. S m U  inaccuracies i n  measure- 
ments  and Fn determining the  correct  streamline  locations at  i n l e t  md 
outlet  can r e s u l t  in significant  errors in  the loss determination.  For 
example, an error of &lo F in outlet  temperature a t  a pressure r a t i o  of 
1.20 will result i n  computed loss values of f r o m  0.Oll t o  0.050 fo r  a 
t r u e  efficiency of 0.95 and from 0.042 t o  0.082 for a t r u e  efficiency of 
0.90. A t  an efficiency of 0.90 and E pressure  ratio of 1.4, the  spread 
of the loss error is somewhat smal ler  (0.033). 

In view of these  considerations,  the  rotor  data of figure 6 f o r  hIib 
and mean regions  are  interpreted as an adequate  confirmation of the loss 
trend with Wfusion   fac tor  as esbbl ished from the cascade data up t o  



14 - NACA RM E53DO1 

t 

values of a t   l e a s t  about 0.55. Unfortunately,  values of diffusion fac- 
tor greater thaa about 0.55 w e r e  not obtained in the  tests,  so that a 
comparison of ljmiting values of diffusion  factor could not be made. It 
appears, howevei.,. that no diff icul ty  with limiting loading  or  separation 
should be experienced i n  the- hub- and mean-radius regions of the  rotor 
fo r  design  diffusion  factms up t o  about a-tleast 0.55, provided the 
limiting r e l a t i v e  i n l e t  Mach number for  the  particular blade profile is 
not exceeded. 

Further  confirmation of an inlet Mach nuniber limitation  in  the  cm- 
pressor  configuration was observed for the WCA 65-series r o t o r  blades 
of about 10 percent- l l ~ w ~ i m u m  thickness a t   t he  mean radius,  as  sham by 
the  loss-coefficient  plots of figure 7. The dashed line  indicates  the 
expected loss variation as obtained from cascade tests (ref 11). A 
marked rise in.108~ is observed for re la t ive   in le t  Mach nLmibers greater 
than  about 0.7 to 0.75. The diffusion  factors of the data points a t  the 
high Mach  nuniber values were less than 0.6. (These high Mach n M e r  
points were not  included i n  the  plot of fig.  6(a) .) A similar compress- 
i b i l i t y   e f f ec t   fo r  the' hub region could not  be definitely established 
because of the  generally lower levels of inlet Mach  nu@bers i n  this 
region. It can reasonably  be assumed, therefore, that, for  the conven- 
t iona l  NACA 65-series  blades of 10 percent  thickness  ratio, Mach nutibe.r 
diff icul t ies  will be avoided (for subcrit ical  diffusion factors) a t  h&- 
and man-radius  regions of the rotor. if the  relative inlet Mach nuniber 
does not exceed a value of about 0.7 t o  0.75. For other  types of blade 
end thickness  variations, of course, the limiting Mach  nuniber range w i l l  
be different.  

Tip region. - The v a r i a t i o n  of minimum (design)  relative t o t a l -  
pressure loss coefficient with diffusion  factor  in the t ip  region of the 
rotor is sham  in  f igure 8. As before, the dashed lines  represent  the 
range of loss indicated  by the cascade data ((I x 0.9, p i  x 60°) . In 
marked contrast t o  the hub- and mean-radius correlations,  the  tip-region 
plot shows a greater range of loss values and diffusion factor with a 
very definite and essentially linear increase i n  loss coefficient with 
difYusion factor. The  trend of the loss m i a t i o n  below values of I) 
of 0.3 could not be established because of insufficient  data. It is 
expected that the loss c.oefficient w i l l  remh approximately constant as 
the diffusion  factor approaches zero. The comesponding variation of- 
maximum blade-element  temperature-rise  efficiency  with  diffusion  factor 
18 sham in figure 9. For a tip-region  efficiency of 0.90, diffusion 
factors no greater than approxfmately 0.45 are indicated. 

r, 
B 
i;" 

The early  deterioration of the flow i n  the rotor  t ip 'region is  
believed t o  be the r e s u l t  of t t p  lossee and three-dimensional e-cts 
such as clearance l e w e ,  casing bomdary-layer growth and-scrubbing, 
secondary flows, and radial displacement of low-energy fluid out toward 
the rotor tip.  Exactly which factors or coniblnation of factors con- 
tr ibutes most to   the  premature rise in lose is not  presently known and 



s NACA RM E53D01 15 

. 
should constitute an Fmportant aspect of future  research. In view of 
the  fact  that the flow in the  t ip  region is not a '%lade-element" or  

factor  suggests that the loca l  (or o v e r - a ~ )  static-pressure  gradients 
that exis t  in the blade-end  regions (imposed by  the blade element) play 
an important role  in the complex t ip-loss phenomena. 

- profi le  flaw, the  strength of the tip-region  correlation with diffusion 

It was a lso  observed that a correlation between loss coefficient 
and diffusion  factor  can be obtained f o r  a l l  loss values in  the  posi-  
t ive  range of angle of incidence  (increasing  diffusion  factor) from the 
region of mln3mn-l.mum loss coefficient t o  values  corresponding t o  a  decrease 
i n  efficiency of about 0.10 t o  0 . E  (see  f ig.   5(a)).  The result ing  plot  
is sham in  f igure 10. The correlation of figure 10 results fromthe 
fact that the average slope of the  variatfon of loss against diffusion 
factor i n  the  positive  incidence  rmge  (see f ig .  5) is roughly  equal t o  
the  slope of the  original p l o t  of minimum loss  coefficient  (design 
incidence  angle) agahst   d i f fusion  factor  shown in  figure 8 .  The data 
of figure 10 may find use i n  estimating  tip-region  losses at positive 
incidence ( l o w  weight flaw) off-design  conditions. 

In figure 8, f o r  the rotors with 65-series blade shapes, only the 
two highest loss points of ro to r  1 were at re la t ive   in le t  Mach nu6bers 
substantially m t e r  than  the limiting values indfcated in  figure 7. 
The effect  of in l e t  Mach n&ers above the  limiting values is mwkedly 
shown i n  the efficiency  plot of figure 9 and in the loss plot  of f i g -  
ure 8 .  Theoretically,  the  general  plots of loss coefficient  agalnst 
diffusion  factor  as derived herein would be expected t o  be a family of 
curves.with  relative  inlet Mach rider as parmeter. Within  the urnits 
of sqerimehtal  accuracy, a correlation of experhental  loss data in  
terms of diffusion  factor may provide a means f o r  separating the indi- 
vidual loss contributions wising from blade loading. (conventional 
surface-velocity  gradients) and shock effect6 (boundary-layer in te r -  
action and wave formation) . 

The scat ter  of the data in  figures 8 and 9 is attr ibuted prFmarily 
to differences  in  tip  losses,  in  the  locations of the  tip-region  survey 
stations  (efficiency  gradients  are  large i n  this region), and t o  exper- 
imental  inaccuracies. For example, f o r  a  pressure r a t io  of 1.2 at  a 
true  efficiency of 0.85, an error i n  out le t  temperature of klo F resu l t s  
in total-pressure loss values of 0.079 t o  0.138. As an alternate method 
which circumvents the direct  use of temperature-rise  efficiency, the 
relative  total-pressure Loss can be determined from the comguted re l s -  
t ive  total-pressure  ratio as indicated by  equations (B2) and (B6). 
Harever, e q e r l m n t a l  inaccuracies  are likely to be encountered in  this 
procedure, also. 

It was Impossible t o  evaluate the relative  significance of the two 
contributing terms (the  velocity  ratio and the  circulation  partmeter) 
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in  the  diffusion  factor,  as  there was no consistent  variation between 
the terms or  dominance-of one term over the  other. A t  least   for   the 
cascade (as indicated  by  figs 3( f )  and (i) ) , both terms appear t o  be 
about  equally  significant.  The.value of 0.5 taken for  the constant b 
i n  the circulation t m  of equation (11) appears t o  be  quite  satisfactory 
i n  view of the result-  correlation. 

Compressor Stator 

n 

ru 
aJ (D 

Lv Loss and diffusion  characteristics a t  design  angle of attack  for 
compressor ststor blades were also  investigated by examining the  data 
from six inlet-stage s ta tor  rows, four with NACA %-series profiles and 
two with double cifcular-arc  profiles.  Details of the blade designs are 
given i n  table 11. Stator  total-pressure loss coefficient was deter- 
mined from mea averages of the circumferent-ial  variation of t o t a l  pres- 
sure across a blade  spacing as obtained f r o m  total-pressure rakes located 
a short  distance downstream of the   s ta tor   t ra i l ing edge. The loss pre- & 

sented is the total-pressure  defect due t o  the blade wake and does not 
include any possible drop i n  free-stream total  pressure  across  the  stator 
row. This total-pressure drop was d i f f icu l t r to  establish with any degree 
of acceptable accuracy. Data for  the  t ip  region w e r e  obtained from locs- 
tions a t  9 t o  15 percent of the passage height from the outer wall and a t  
13 t o  16 percent away from the inner w a l l  for  the. hub. Velocities w e r e  
obtained from in l e t  and outlet  surveys of pressure and angle. In most 
cases,  only a single midspacing survey was made behina  the stators. 
Plots of total-pressure loss coefficient and diffusion  factor  agaimt 
angle of attack  (or  incidence) were made as i l lustrated in  figure 11, and 
values of 5; and D were taken at the  point of minimum loss (design 
angl+ of attack) . 

.. 

The variation of minimum loss coefficient with diffusion  factor  for 
coqreesor  stators over a range of inlet Mach  numbers ( ro tor   t ip  speeds) 
is shown i n  'figure 12 for  hub, mean, and t i p  regions. Minimum loss 
values w e r e  not  attained i n  the hub and mean regions a t  some t i p  speeds 
fo r  s ta tor  4, because the data w e r e  insufficient  to  define the loss var- 
ia t ion over a nlde enough range of incidence  angle. All points s h m  
are a t  values of in l e t  Mach nunher below the limiting value. The dashed 
lines, as before, r e p r e s k t  the estFmated limits based on cascade per- 
formance. (There is very l i t t l e  difference between the minimum blade- 
element loss for  65-series and circular-a,rc  blade  profiles.) In a l l  
three regions, no trend of variation of loss coefficient with diffusion 
factor is observed, with a l l  pofnts  falling between 0.01 and 0.05 up t o  
thehighest  diffusion  factors  obtained (about 0.6). 

A cross  plot of minimum loss coefficient against inlet Mach n&er 
f o r  a l l  three  positions is sham in figure l3 for  the stators with NACA 
65-series profiles of 10 percent maximum thickness  ratio. As in the  case 



I NACA RM E53D01 17 

- of the  rotor mean-radius region (fig. 7), a rise in  loss for   in le t  Mach 
numbers greater  than about 0.70 is indicated. The high Mach n-er 
points in figure 13 were  a t  values of diffusion  factor less than 0.65. 
On the basis of the limited  information  available, it is expected that 
very low stator  losses will occur at  design angle of attack, if the 
design diffusion factors do not exceed  about 0.6 and if the limitFng 
inlet Mach rider for  the particulaz blade profile is not exceeded 
(about 0.70 t o  0.75 for   the 65-series blade of about 10 percent maximum 
thickness rat io) .  

h) 

m 01 
h) Inasmuch as the data fo r  the preceding analyses have been obtained 

firm a two-dimensional  cascade and coqpres~or single stages, the W i v e d  
vmiting values and variations will be most valid i n  the design of the 
inlet m- early  stages of a multistage compressor. It i s .no t  lmown t o  
what extent these values can be applied  to the later stages where hub-tip 
ratios  are large and where three-dimensional  effects become  more pro- 
nounced. It is a l so   t o  be noted that  the correlations w e r e  based on 
actual measured values rather than on o r i g i d  design values of in le t  and 
outlet  velocity. However, if the general  design  control and methods of 

applied as design 1Fplits. In this  respect, the inlet stages  again  are 
in  a favorable  position, inasmuch as design  control is usually best for 
the early stages. 

g. - flow prefiction  are good, the derived limiting values can be directly 

A siqplffied  1Mting-bk3e-loadin.g  criterion  called the diffusion 
factor f o r  axial-flow-compressor blade elements was derived from the 
application of a separation  criterion used i n  two-dWmenmional bazndary- 
layer  theory t o  the blade suction-surface  velocity  distribution of a 
compressor blade element at  design  angle of attack: 

1. From a correlation between Wmum blade-element total-pressure 
loss coefficient and a large nu&er of blade-loading cr i te r ia  ccmrmrmly 
used or  proposed fo r  compressor design, it was found that, on the  basis 
of the data for the NACA =-series campressor blade sections in low- 
speed, two-dimensional  cascade : 

a. The derived.diffusion  factor provided a satisfactory 
limfting-loading parameter fo r  the EJACA 65-series compressor blade sec- 
tions,  in that  the limiting  value w a s  clearly defined and WES independent 
of solidity  or inlet -air angle. At given solidity and inlet-& angle, 
the total-pressure loss coefficient at design angle of attack  increased 
sli@.t;ly w i t h  increasing  diffusion  factor up t o  a value of diffusion 
factor of about 0.6, af ter  which a rapid rise in loss w-as observed. 

d 
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b. The stalling  coefficient of Wislicenus and the  velocity- 
gradient parameter of .Howell were also adequate limiting-loading para& 
eters. 

, . . .. - .- . .  - . . .- " - . .. 

2. From a correlation between minimum blade-element r e l a t i v e  total- 
pressure loss coefficient and derived  diffusion  factor  for data from 
several experimental single-stage axial-flow compressors a t  sub- 
l imiting  inlet  Mach numibers, it was found that: 

cu 
(0 

w a. For the hub- and mean-radius regions of ten rotor  blade al 
rows, the plo t  of minimu relative loss coefficient aga-t diffusion 
factor showed essentially no significant  varhtion of loss coefficient 
w i t h  diffusion  factor up t o  values of diffusion  factor af about 0.55, 
which w a s  the  extent of the available data. " 

. .  . -  

b. In  contrast to the  rotor hub and mean regions,  the loas 
correlation for the t i p  region of the rotors  revealed a very marked and 
practically linear variation of loss coefficient  with  diffusion  factor 8 

for  values of' diffusion  factor  greater  than  about 0.30. For a tip-region 
efficiency of 0.90, diffusion  factors no greater than appr"Lely 0.45 
were  indicated. 

c. For the hub-, tip-, and mean-radius regions of s ix  stator 
blade rows, the plot of minimum total-pressure  loss  coefficient against 
diffusion  factor  revealed no variation of loss coefficient with diffusion 
factor up t o  values of about 0.60, which was the  extent o f  the available 
s ta tor  data. 

d. Further  verification of a limiting  relative inlet Mach nun- 
ber of about 0.70 t o  0.75 a t  subcrit ical  values of diff  U i O n  factor   for  
NACA 65-series  profile shapes of about 10 percent maxFmum thickness r a t i o  
was indicated. ." 

Lewis Flight Propulsion Laboratory 

Cleveland, Ohio 
National Advisory Cormittee f o r  Aeronautics 
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APPEND= A 
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or, from figure 2, with Va.,l = Va,2, 

For the purpose of estsblishing design criteria,   the drag  t e r m  is neg- 
lected. The theoretical  lift coefficients axe then obtained as: 
V e c t o r  mean velocity: 

2 cos pm 
%,m = U (- B 1  - +an B2) ( m  

Inlet  velocity: 

Outlet  velocity: 

2 cos 8, 2 

%,2 - u cos pm (tJ= B, - e,) 
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Over-all  reaction  or  recovery  ratio. - The  over-all  reaction  or 
recovery  ratio  is  defined  as  ratio  of-static-pressure  rise  across  the 
blade eiement t.a inlet dynamic head, or 

- 

4- 

Neglecting  losses, for the  two-dimensional  cascade,  yields 

Stalling  coefficient of reference 1. - The stalling  coefficient of 
reference 1 is  defined as 

where Q is a constant  between 1 and 2. 

3 

= CL,m e) 
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APPENDIX B 

Compressor Cascade 

21 

Ln order to  investigate and generalize  the  basic phenomena and ma” 
iat ions involved in the  blade-element flow, it is  necessary t o  consider 
the  basic loss i n  total pressure  relative to the  blade  element f o r  rotat- 
i n g  a5 well as stationary  blades. The relative  total-pressure loss 
coefficient  across a blade element is defined  as 

L L 

where P’ is  relat ive total pressure, p is  static  pressme, sub- 
scr ipts  1 and 2 refer  t o  blade i n l e t  and outlet,  respectively, and 
all values represent  circumferentialmass o r  area  averages. When equa- 
t ion  (Bl) is divided by Pi, the loss coefficient becomes 

P1 1” ’i [F 

where 9 is . the  re la t ive  inlet  Mach  nLlniber.  The ra t io  i n  the nunera- 
tor of equation (B3) i s  referred t o  as  the  relative  total-pressure 
recovery factor.  The ideal  relative  total-pressure  ratio is a function 
of the element  wheel  speed and the change i n  radius across the element, 
according t o  the  equation 
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where % is  the  wheel  rotational  Mach nurriber (outlet  wheel  tangential 
velocity  divided  by-inlet  stagnation  velocity of sound). 

For  stationary  blade  rows,  the  total-pressure loss coefficient is 
reduced in terms of absolute  values to 

p2 
- p1 
% =  Y 

1" 

For  rotating blade rows, since in most cases only stationary  (abso- 
lute)  instrumentation  can  be  employed  darnstream of rotor  rows,  the  rel- 
ative loss must  be  obtained from absolute-measurements. The actual  rel- 
ative  total-pressure  ratio of equation  (B2)  can  be  expressed  as 

Y 

and, since p ' 
absolute total 

= p, the  ratio can further be expressed in terms of 
pressure  as 

Y - 

which, in terms of temperature  ratios,  becomes (T is t o t a l  temperature 
and t is  static  temperature), 

. Pi 

pi 
-=I 3. 

f 

. 
- 

Then, with  relative  and  absolute  etati-c  temperature  Identical and with 
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the  actual relative to ta l -pressure   ra t io   becms 
PO 

The relative  total-pressure loss coefficient  for  rotating blade row is  
thus obtained f r o m  equations (Bl), (B2) and (B8) in  terms of measured 
absolute  pressure and temperature and re la t ive  inlet Mach nmiber as 

where the  ideal  relative  total-pressure  ratio is obtained from equa- 
t ion  (B4). The r e l a t i v e  loss coefficient can then  further be related t o  
the blade-element efficiency through the conventional  adiabatic  relation 

Two-Dimensional Cascade 

- The relat ion between blade-element total-pressure loss  coefficient 
cu and drag  coefficient , can be obtained from examination of the 
force and velocity diagrams for  two-dhensional  incompressible (low- 
speed) flow. From figure 2, the drag force is given by 

FD Fo sin 8, - Fa COS Bm 
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With axial  velocity  equal a t  in le t  and outlet, Fa results o n l y  from the 
change in static  pressure  across  the  blade, which in the presence of 
losses is given by 

r 1 

or 

The  force i n  the  tangential  dhection i s  determined by  the-momentum 
change in  the  tangential  directiqn, or  

FQ SPVa(V6, 1 - Ve,2) ( B W  

Equation (B11) is then ob-bained from equations (B12) and (B13) a8 

With 
-I 

and 

v1 2 - v22 = v - v  2 
e,2 

s a s t i t u t i o n  of these terms in to  equation (B14) reduces that equation t o  

FD 
8 cos gin = m  

Div3ding equation ( B E )  by inlet  dynmic head pV1 , with  c/s P u, 
then  ylelds 

2 ,  

By definition, 
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so that, f ina l ly  

In  equation (B17) the drag coefficient is related to   the inlet 
dynamic  head. For drag coefficient  based on mean velocity, 

so that,  equation (B16) becones 

cos2 6, 
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Figure 1. - Typical  distribution of velocity along surfaces of 
compreesar-cascade blade section in range of deeiepl angle of 
attack. 
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Figure 2. - Force and velocity dhgrame for blade in t w o - ~ s i o n a l  casca&e. 
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(a) Lift  coefflcient  based on vector-mean 
velocity. 
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(b) Solidity times mean-velocity  lift 
coefficient. 

Figure 3. - Variation of total-pressure  loas  coefficlent  at  design mgle of attack  with 

low-speed oascade. 
various  blade-lo&ling parameters f o r  HACA 65-series  blade  sections in two-dimensional 
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(c )  L i f t  coefflclent based on 
inlet  velocity.  

CL, 2 

(d) L i f t  coefficient b m e d  on outlet  velocity. 

Figure 3.  - Continued. Variation of total-gresaure lose coefficient at des- angle of 
attack  with  various  blade-loading parameters for NACA 65-series  blade  sections In tno- 
dimensional low-speed cmcade. 
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(e) Reaction or recovery ratio.  (f) Velocity ratio.  

Figure 3.  - Continued. Variation of total-preseure loss  coafflclent 
at  design angle of attack ul th  varlaus blade-loading parameters for 
NACA 65-serlea blade srectiona In t*ro-dimeneloml lou-apeed cascfde. 
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(g) Velocity-gradient parameter of refer- (h) Stalling coefficient of 

Figure 3.  - Continued. Variation o f  total-pressure loss coeff ic leqt   at  design 

ence 2 (eq. BS). reference 1 (eq. ~ 8 ) .  

angle of attack  with various blade-loading-parameters for NACA 65-aeries 
blade  sections in  two-dimensional low-speed cascade. 
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(I) Diflueion factor (eq. (14)). 

Figure 3. - Cmcluded. Variatlm of total-preemre-loam cc&Zicisnt a t  &sign and.8 of attack  wlth 
var loue blade-loa- parameters for W A  65-series b l a b  sections in two-dfmensional low-apeed 
caaCe.de . 



NACA RM E53D01 37 

.04 

- O 2 E  

0 .4 .a 1 .2  1.6 2.0 
Sol id i ty ,  Q 

(a) Sol id i ty  for di f fus ion   fac tor  of 0.5 (flg. 3(1)). 

Inlet Mach number, W1 

(b) I n l e t  Mach number for NACA 65-(12)lO blade. 
Sol id i ty ,  1.0; i n l e t - a i r  angle, 45O ( r e f .  11). 
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Blade-chord.  Reynolds number 

(c) Reynolds number for 65-(12)lO  blade  (ref. 3). 

Figure 4. - Variation of blade-element  tOtal-pre8SUre loss  Coefficient 
with various f ac to r s  for NACA 65-series  compressor  blade  sections in 
two-dimensional  cascade a t  subc r i t i ca l   d l f fua ion   f ac to r s  and at des- 
angle of a t tack .  



7 NACA RM E53D01 

.2 . 4  .6 .a I .O 1.2 
Diffueion factor, D 

F'igure 5. - Example of variation of  blade-element  temperature- 
rise  efficiency and relative  total-pressure loss coefficient 
wfth  diffusion  factor in tip region of rotor ( r o t o r  9) . Bars 
indicate minimum or maximum values. 
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(a) Mean-radius  region. 
c 

Diffusion factor, D 

(b) Hub-raCLiue region. 

Figure 6. - Variation of m i n i m u m  (design)  blade-element 
relative total-pressure l o s s  coeffAcient  with diff’u- 
sion  factor for axial-flow single-stage rotors. 

Relative  inlet Mach  number, Mi 

Figure 7. - Variation of m i n i m u m  (design)  blade-element 
relative total-pressure loss aoefflcient with  rela- 

rotor blades. 
tive i n l e t  Mach  number at mean raciius for 65-series 



40 

Rotor 

A 

WCA RM E53D01 . 

0 .2 .4 .6 .a 
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Figure 8 .  - Variation of minianua (design) blade- 
element relative  total-pressure loss coefficient 
xith  diffision factor in t i p  region of axial- 
f low single- stage rotors. 
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Figure  9. - Variation of maximum blade-element 
temperature-riae  efficiency xi th  diffusion 
factor in t i p  region of axial-flow  sfngle- 
atage rotors. 
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Figure 10. - Variation of blade-element  relative  total-pressure 
loss coefficient with diffusion  factor in tip region of axial- 
flow single-stage rotors.  All data points in positive inci- 
dence range f r o m  region of minimum loss to region of drop in 
efficiency of about 0.10. 
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Figure 11. - Example of variation of wake total -  
pressure loss coefficient and diffusion factor 
with angle of incidence in hub region of stator 
( s ta tor  1). Bare indicate points of minfrmzm 
loss. 
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Figure 12. - Variation of m i n i m u m  wake total-pressure 
l o s s  coefficient with diffusion  factor f o r  axial- 
flow compresaor inlet-stage  stators. 
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Figure 13. - Variation of minimum  wake total-pressure 
loss coefficient with i n l e t  Mach  number at hub, mean, 
and t i p  regions of stators with 65-series  profiles. 


